Most kinetic studies of prolyl oligopeptidase (PREP) were performed with the porcine enzyme using modified peptide substrates. Yet recent biophysical studies used the human homolog. Therefore, the aim of this study was to compare the kinetic behavior of human and porcine PREP, as well as to find a suitable method to study enzyme kinetics with an unmodified biological substrate. It was found that human PREP behaves identically to the porcine homolog, displaying a double bellshaped pH profile and a pH-dependent solvent kinetic isotope effect of the k cat /K m , features that set it apart from the related exopeptidase dipeptidyl peptidase IV (DPP IV). However, the empirical temperature coefficient Q 10 , describing the temperature dependency of the kinetic parameters and the non-linear Arrhenius plot of k cat /K m are common characteristics between PREP and DPP IV. The results also demonstrate the feasibility of microcalorimetry for measuring turn-over of proline containing peptides.
Introduction
Although conformational dynamics is considered to be an important aspect of catalysis by many enzymes, it does not prominently feature in the description of the serine protease catalytic cycle, exemplified by chymotrypsin in most biochemistry textbooks. Whereas, in its active form, chymotrypsin is a fairly small monomeric protein consisting of a single domain, prolyl oligopeptidase (PREP, EC 3.4.21.26) , also a serine peptidase, is a much larger enzyme composed of two domains (Fülöp et al., 1998) . Crystal structures of porcine PREP containing active site ligands show them buried inside the protein between the catalytic domain (α/β-hydrolase fold, containing the catalytic triad Ser554, Asp641 and His680) and the seven bladed β-propeller domain with no obvious entry or exit routes (Fülöp et al., 2000) . Current hypotheses on the enzymatic mechanism of PREP invoke substantial rearrangements within or between domains to allow substrate access and product release as well as to restrict substrate length (Rea and Fülöp, 2011) . Notably, enzymatic activity is reduced by mutations hampering intra-and interdomain movements (Kaszuba et al., 2012) . Dipeptidyl peptidase IV (DPP IV, EC 3.4.14.5) shares structural and functional properties with PREP, notably the ability to hydrolyze a post-proline peptide bond. While PREP is a monomer, DPP IV functions as stable dimer with each subunit composed of the same type of domains as PREP: an α/β-hydrolase catalytic domain and an eight-bladed β-propeller domain. Contrary to the case of PREP, in the structures of DPP IV, the two domains are not stacked upon each other but are tilted at a certain angle allowing substrates to access the active site and ligand bound DPP IV retains this conformation (Aertgeerts et al., 2004; Hiramatsu et al., 2004) .
Apart from its activity, conformational dynamics could also regulate other interactions of PREP. At least two original reports suggest that PREP has functions that are independent of its peptidolytic activity but are nevertheless affected by active site inhibitors. First, Di Daniel et al. (2009) found that in developing sensory neurons of PREP-negative mice there is a defect in neuronal growth cone morphology that can be corrected by transfection with an inactive PREP mutant lacking the catalytic serine (Ser554Ala). Second, PREP accelerates α-synuclein aggregation in vitro, an effect that is not observed with an inactive mutant or when the active site is occupied by an inhibitor (Brandt et al., 2008) . Therefore, it appears that modulation of the conformational dynamics by a small compound could be a feasible approach to inhibit the activity independent functions of PREP (Lopez et al., 2016a) .
It is a recurrent theme in the PREP literature that the conformational dynamics of PREP most likely are the reason why the steady-state kinetics deviate from the model established for chymotrypsin-like serine proteases. A first difference is the relative lack of a leaving group effect on k cat /K m , which indicates that the acylation rate constant does not dominate this parameter. For PREP catalyzed hydrolysis of different Z-Gly-Pro derivatives, the rate constants obtained with nitrophenyl ester and several amide substrates were similar (Polgar, 1992) . Secondly, as both acylation and deacylation reactions involve proton transfer, the absence of a significant kinetic solvent deuterium effect means that a physical step rather than a chemical step defines k cat /K m (at pH 7-8) (Polgar, 1991) . Finally, the kinetic constants of PREP appear to be much more dependent upon the type of substrate and solution parameters (pH, ionic strength and temperature) than expected from the chymotrypsin model, indicating a significant component of substrate binding steps in k cat /K m (Szeltner et al., 2003) .
The serine peptidases, including PREP and DPP IV, have a catalytically competent histidine residue, which facilitates both the formation and the decomposition of the intermediate acyl-enzyme, and displays a pK a of about 7. The ionization of this residue governs the pH dependence of catalysis, which conforms to a simple titration curve with subtilisin and a bell-shaped curve with chymotrypsin and its homologs, because in these enzymes an additional ionizable group with a pK a of 9-10 modifies the pH rate profile through a conformational change at the active site. The pH dependence for PREP is more complicated, with uncharged substrates it displays a double bell-shaped pH-k cat /K m profile, which has been proposed to be due to the existence of two pH-dependent enzyme forms, one being predominant at pH 6, the other one at pH 8 (Polgar, 1991) . The first ionization dominating the pH profile (pK a1 ) occurs at a rather low pH value, about 5. If the pK a1 would be the group constant of the catalytic histidine (His680), this residue would have a pK a lower than the one found in most serine peptidases, since only the basic form is active. However, by titration of PREP with the inhibitor Z-Gly-Pro-OH and measuring the association constant as a function of the pH, a pK a of 6.25 was determined for His680 (Fülöp et al., 2001) . Possible structural differences between the two pH-dependent forms have been detected using intrinsic fluorescence measurements which indicated a more unfolded low pH form (Polgar, 1995) .
Most serine peptidases are only slightly affected by the ionic strength of the medium, while PREP is rather sensitive to ionic strength. With uncharged substrates increasing the salt concentration caused a rate enhancement at pH 8 relative to pH 6. This was correlated with an overall decrease in stability at high ionic strength (Polgar, 1991 (Polgar, , 1995 . The use of uncharged and hydrophobic substrates with low solubility precluded analysis of the pH and salt dependency of k cat . Introducing charged residues in internally quenched fluorigenic peptide substrates allowed to study both k cat / K m and k cat . Although the pH profiles of these peptides are quite variable, they were interpreted based on the ionization of both the substrate and the charged residues in the substrate binding sites (Szeltner et al., 2003) . In particular, Arg643 was proposed to be responsible for salt and pH-dependent substrate binding. In the crystal structure of the PREP-Z-Pro-prolinal complex, a hydrogen bond is formed between the main chain carbonyl group of the N-terminal proline and the NH1 atom of Arg643 (Fülöp et al., 2000) .
Since recent biophysical experiments were done with human PREP and most kinetic studies with the porcine variant, the aim of this paper is to reassess the experimental evidence for ligand-induced conformational changes from steady-state kinetics with human PREP in comparison with human DPP IV. To minimize substrate bias coming from unnatural leaving groups and amino acid modifications, we explored the feasibility of microcalorimetry to study the kinetics of hydrolysis of a natural peptide, bradykinin, in real time. Furthermore, some issues are revealed of a commonly used PREP inhibitor which we consider to be poorly addressed in the existing literature.
Materials and methods

Enzymes
The pTrc99A-PEP plasmid containing the coding sequence of porcine PREP was a gift from Prof. V. Fülöp, University of Warwick, UK. Recombinant porcine PREP was expressed in Escherichia coli and purified as previously described .
A plasmid containing the human PREP cDNA in the pOT7_hPREP vector (IMAGE: 3614248) was obtained from GE Dharmacon (Diegem, Belgium). The coding sequence was PCR cloned in pET-46 Ek/LIC (Novagene, Madison, WI, USA) with an N-terminal hexahistidine tag using standard techniques. Human PREP was expressed in BL21(DE3) cells and purified using immobilized Co-chelating chromatography (GE Healthcare, Diegem, Belgium) followed by anionexchange chromatography on a 1 ml Mono-Q column (GE Healthcare).
Human DPP IV was purified from human seminal plasma as previously published (De Meester et al., 1996) .
]-2-pyrrolidinecarbonitrile, known as KYP-2047, was synthesized as described (Van der Veken et al., 2012) . Para-nitroanilide (pNA) synthetic substrates Z-Gly-Pro-pNA, Suc-Ala-Pro-pNA and Gly-Pro-pNA were obtained from Bachem (Weil am Rhein, Germany). Bradykinin and substance P were purchased from SigmaAldrich (Diegem, Belgium). Buffer reagents and salts were from various suppliers and of the highest quality available for biochemical use. The sequence of the peptides mentioned in this study is presented in Table I .
Enzymatic methods
The PEAQ-ITC isothermal titration microcalorimeter was from Malvern Instruments Ltd (Malvern, UK). Enzyme kinetic experiments were performed using single injections with the enzyme solution in the cell and the substrate in the syringe and analyzed with the software provided with the instrument. After a single injection of substrate, heat is produced as the reaction proceeds to completion. The total amount of heat (ΔH app ) can be calculated by integrating the area under the curve when the rate of heat production (thermal power) is plotted versus time. As the total amount of heat exchanged is proportional to the total amount of substrate added, the substrate concentration can be calculated at any time. The value of ΔH app is used to convert the thermal power to rate of substrate conversion at different time points during the reaction time. Plotting the initial rate versus the actual substrate concentration according to the MichaelisMenten equation yields the catalytic parameters V max and K m . The k cat is then obtained by dividing the V max by the total enzyme concentration. The basic equations for this type of experiment are explained in Mazzei et al. (2016) . At the bradykinin concentration used, the initial substrate concentration was saturating ([S] > K m ) and during the course of the reaction the kinetics changed from zero to first order. It must be noted that bradykinin contains two possible PREP cleavage sites (on positions 3 and 7, see Table I ) and that the kinetic parameters determined by ITC are combinations of the k cat and K m values of the two cleavage sites. The buffer was 100 mM HEPES pH 7.5, 1 mM DTT. The final reaction mixture contained 133 µM bradykinin and 187 nM human PREP.
Initial rates for the conversion of chromogenic substrates (pNA release) were measured in a Spectramax-Plus microtiterplate reader (Molecular Devices, Sunnyvale, CA, USA) as described (Brandt et al., 2008) . pH profiles were determined for human PREP and human DPP IV. Initial rates were measured at 37°C. The buffer system consisted of the following components: 25 mM MES, 75 mM Tris, 25 mM acetic acid and 1 mM EDTA, with addition of 1 mM DTT in case of PREP. Final concentration of Z-Gly-Pro-pNa (PREP) and of GlyPro-pNA (DPP IV) was 67.5 and 50 µM, respectively. Solvent kinetic deuterium effect on k cat and k cat /K m was measured for human PREP (3 nM) using Suc-Ala-Pro-pNA (6.25 µM-2.5 mM) in the presence of 95% D 2 O versus H 2 O. The measurements were done in 0.1 M sodium/potassium phosphate buffers, pH 6.5 and 7.5, adjusted to the required pH according the relationship pD = pH + 0.4, containing 1 mM DTT.
The temperature dependence of Suc-Ala-Pro-pNA activity was determined with 150 µM substrate and 14.8 nM PREP. The temperature dependence of the catalytic parameters of Gly-Pro-pNA hydrolysis by DPP IV was determined using substrate concentrations between 25 µM and 2 mM in the presence of 2.8 nM DPP IV. The buffers were 100 mM HEPES pH 7.5, 1 mM DTT (PREP) and 100 mM HEPES pH 8.2 (DPP IV).
Inhibition constants were determined by pre-incubation of human PREP and inhibitor (0-50 nM) in 100 mM HEPES, 1 mM DTT, 5% DMSO during 2 h at different temperatures and by measuring the residual activity with 0.5 mM Suc-Ala-Pro-pNA. Dilution due to the addition of substrate was minimal (1:9), the substrate concentration was below the K m and the off rate of the inhibitor is small so that re-equilibration of the reaction mixture during the assay could be neglected (Venalainen et al., 2004) . PREP concentration was 1 nM. Due to the temperature coefficient of the buffer, the pH varied from 7.4 to 7.2 between 22 and 40°C.
Progress curves of inhibitor binding were recorded in the presence of 0.5 mM Suc-Ala-Pro-pNA in 100 mM HEPES buffer pH 7.4, 1 mM DTT, 1% DMSO at 37°C with inhibitor concentrations between 0 and 20 nM and analyzed as published (Brandt et al., 2005) .
Cleavage of substance P in the presence of 2 U·l -1 porcine PREP was measured by mass spectrometry as described (Brandt et al., 2005) . Curve fitting was done by non-linear least-squares regression analysis using GraFit v7 (Erithacus Software, UK).
The equation used to fit a bell-shaped pH profile was:
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with pK a1 and pK a2 are the acid ionization constants of the ascending (low pH) and the descending (high pH) limbs of the curve. The temperature dependence of rate constants was fitted according to the macromolecular rate theory (MMRT) as described (Arcus et al., 2016) :
with T is the temperature in Kelvin, T o is the reference temperature
is the enthalpy and entropy change of activation at 25°C and Δ ‡ C p is the change in heat capacity of activation. The equation used for tight binding inhibition was
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2 . e 2 with V i and V 0 are the initial rates with and without inhibitor, K is the inhibition constant, and e and i are the total enzyme and inhibitor concentrations. Hyperbolic kinetics were fitted with the following equation:
off with k obs and k off are the pseudofirst-order rate constant and reverse rate constant of the overall reaction, k 2 is the first-order rate constant of the second step and K d is the dissociation constant of the initial binding step.
Results and discussion pH dependency and salt effect
The published double bell-shaped pH profile for porcine PREP was reproduced with human PREP using Z-Gly-Pro-pNa as substrate. As a comparison the pH profile of a related enzyme, DPP IV was also determined, using Gly-Pro-pNA, and this clearly showed a bellshaped character (Fig. 1) . The experimental pK a values are listed in Table II .
In our experience, the hydrolysis of natural bioactive peptides (as opposed to synthetic substrates) with porcine PREP is not influenced by the ionic strength of the medium. On incubation of PREP with substance P as well as Gastrin Releasing Peptide (GRP, results not shown) in the presence of increasing concentrations of NaCl, the rate constants remained practically the same (Fig. 2) . Both of these peptides have a positively charged residue either before (Lys in substance P) or after (Arg in GRP) the proline residue at the cleavage site (Table I ). In the conditions of the assay, the observed rate constants are assumed to be proportional to the k cat /K m value and ranged between 0.04 and 0.07 min −1 .
A physical step in the reaction cycle
When looking at the kinetic mechanism of serine proteases, six elementary steps can be discerned (equation 1) but it is common to reduce this to three steps characterized by macroscopic rate constants as in equation (2). The rate of catalysis is determined by the slowest step in the mechanism.
The kinetic cycle starts with the binding of the substrate S into the active site of the enzyme E, with a second-order rate constant k 1 . After formation of the enzyme-substrate complex ES, the substrate can either dissociate back into the solution with a rate constant k −1 or become acylated by the active site Ser with a rate constant k 2 . The portion of substrate distal to the scissile bond (P 1 ) is released at this stage. The acyl intermediate EAc is subsequently hydrolyzed with the assistance of a water molecule to release the portion of substrate proximal to the scissile bond (P 2 ) with rate constant k 3 . Both acylation and deacylation reactions occur via a socalled tetrahedral intermediate, ES
T1 and ER T2 , respectively.
The parameters k cat and k cat /K m , accessible to direct experimental measurements, are composite functions of the individual rate constants in equation (2). Specifically,
From these equations, it is clear that k cat /K m does not depend on the deacylation rate (equation 3), whereas k cat does not depend on substrate diffusion into the active site and dissociation (equation 4). Knowledge of k cat /K m and k cat cannot completely resolve the various steps of the kinetic mechanism since there are four independent individual rate constants (k 1 , k −1 , k 2 and k 3 ).
One way of studying whether the rate-limiting step of the catalysis is a chemical or a physical step is by carrying out the reactions in heavy water, which is also known as the study of the solvent kinetic deuterium isotope effect. When the enzymatic reactions proceed slower in heavy water, a chemical step, rather than a physical step, is rate limiting. The chemical steps in the cycle (the ones where covalent bonds are broken) are the formation of the acyl-enzyme and the deacylation. Relatively large solvent isotope effect can be expected here. Kinetic deuterium isotope effect studies with chymotrypsin and other serine peptidases have shown that both the acylation and the deacylation reactions proceed slower in heavy water by a factor of 2-3, indicating that general base/acid-catalysis is rate-limiting in both the acylation and the deacylation. For instance, DPP IV Fig. 1 pH profile of PREP (lower panel) and DPP IV (top). Reaction rates are expressed as percentage of the k cat /K m value at pH 8. DPP IV data were fitted with a bell-shaped curve yielding pK a1 = 6.9 and pK a2 = 8.8. PREP data between pH 7 and 10 were fitted with a bell-shaped curve with pK a2 = 6.4 and pK a4 = 9.0. After subtraction of the fitted values, the residuals of the data below pH 7 were fitted with a bell-shaped curve with pK a1 = 5.8 and pK a3 = 6.7. The fitted curves are shown in gray. Data represent the mean of four independent experiments with standard deviations as error bars. At the pH maximum k cat /K m for human PREP and Z-Gly-Pro-pNA was 1.7 × 10 4 M −1 ·s −1 ± 9 × 10 3 and the value for DPP IV and Gly-Pro-pNA was 4.2 × 10 5 M −1 ·s −1 ± 1 × 10 4 .
Table II. Kinetic parameters for human PREP and DPP IV
Human PREP DPP IV Bradykinin Suc-Ala-Pro-pNA Z-Gly-Pro-pNA Gly-Pro-pNA pH profile k cat /K m -pK a1 = 5.8; pK a3 = 6.7 pK a1 = 6.9; pK a2 = 8.8 pK a2 = 6.4; pK a4 = 9.0 catalyzed Gly-Pro-pNA cleavage is slowed down significantly in D 2 O (Kim et al., 2006) . Based on the pH profiles in Fig. 1 , one might expect that the high pH form of PREP would behave similarly. However, Polgar demonstrated the lack of kinetic deuterium isotope effects at pH 7-8, which suggests that the rate-limiting step for PREP catalysis is not a chemical step (Polgar, 1991) . As the k cat / K m values (typically ≤ 10 7 M −1 ·s −1 ) do not come close to the diffusion controlled limit for small substrates binding to large proteins, a conformational change seems to be the most probable explanation (Polgar, 1992) . Suc-Ala-Pro-pNA has a higher solubility in water than the traditional Z-gly-Pro-derived fluorescent substrates. It was used to determine the solvent kinetic deuterium effect on k cat and k cat /K m of human PREP. The results are presented in Table II . The presence of a solvent deuterium isotope effect on k cat confirms that it reflects a chemical step, most likely the acylation at both pH 6.5 and 7.5. The acylation rate constant must substantially contribute to the value of k cat /K m at low pH but not at pH 7.5 where is not significantly changed. This presents a contrast with DPP IV where both parameters were affected by the presence of D 2 O. The observation that there is no solvent deuterium isotope effect of k cat /K m at 37°C also pleads against the original interpretation that the acylation rate constant dominates this parameter at high temperature and substrate binding dominates at lower temperatures (for the high pH form of PREP) (Polgar, 1991) . Figure 3 contains the temperature dependence of k cat and k cat /K m for bradykinin degradation by human PREP determined from progress curves using a single injection in a microcalorimeter. Also shown in Fig. 3 is the temperature dependence of k cat /K m for Suc-AlaPro-pNA and those of the k cat and k cat /K m of Gly-Pro-pNA with human DPP IV determined by initial rate measurements in a microtiterplate spectrophotometer. In the temperature range of this experiment, k cat /K m values of all substrate-enzyme pairs tend to level off at higher temperature, deviating from the steady increase predicted by Arrhenius' law. If the original data with porcine PREP would be plotted in the same way as in Fig. 3 , they would show a very similar dependency to those obtained with human PREP in this study. Following the initial observation of curved Arrhenius plots, it was assumed that this was caused by a change in rate determining step in the reaction cycle, conform the hypothesis that PREP needs to undergo a conformational change to allow substrate to bind (Polgar, 1991; Szeltner et al., 2000) . However, in the meantime insights on how enzymes work have progressed and there is now evidence that many enzymes have a temperature optimum (Elias et al., 2014; Arcus et al., 2016) . One way of comparing temperature dependencies of enzymatic rate constants to evaluate their catalytic power is to measure the fold-increase in rate per 10°C increase in temperature (Q 10 ): where T 1 and T 2 typically are the lowest temperature and the temperature of the maximal rate constant (k) measured in the experiments. The Q 10 values determined from Fig. 3 are included in Fig. 2 Influence of NaCl on the breakdown of substance P by PREP. 5 µM of substance P was incubated with 2 U·l -1 PREP in 50 mM Tris-HCl pH 7.5 with 1 mM EDTA and 1 mM DTT and different concentrations of NaCl. The decay of the intact peptide was followed in function of time. Data with increasing NaCl concentrations are moved up the Y-axis by 2 units between each other for clarity. Kinetic parameters for bradykinin were obtained by microcalorimetry. For Suc-Ala-Pro-pNA and Gly-Pro-pNA, the conventional colorimetric assay was used as described in the 'Materials and methods' section. Error bars represent standard deviations with n = 2 or 3.
Table II. The temperature dependencies for the pNA substrates appear to be similar between the two enzymes, presumably reflecting similar chemistry; and they are clearly smaller than the one determined for bradykinin, both for k cat and k cat /K m . k cat values did not have a temperature optimum, their Arrhenius plot was linear and was used to calculate an activation energy (Table II) . The observation that k cat /K m values are more likely to show a temperature optimum than k cat values probably reflects the local fluctuations in conformation of active site residues, which are more flexible in the free enzyme and more restricted in the stable enzyme-substrate complex (Elias et al., 2014) . Fitting the k cat /K m versus T plot with the MMRT function gave the parameters listed in Table II , which appear to be in the range reported for other mesophilic enzymes (Arcus et al., 2016) . In general, the parameters were similar between the two enzymes when using a pNA substrate but the results with PREP and bradykinin were different with a more negative ΔC p ‡ and large positive ΔS ‡ and ΔH ‡ (at 25°C).
When performing the calorimetric kinetic experiments, we observed a buffer effect on the enthalpy change of the bradykinin hydrolysis reaction. Correcting for the buffer ionization, it was found that the hydrolysis of bradykinin is an endothermic reaction (at 37°C, data not shown). This extraordinary observation at least indicates that protons are exchanged in the process and that there is a large entropic effect. Further investigation will show whether this is due to unique properties of the post-proline peptide bonds in bradykinin and how this ties in with the unique catalytic properties of proline specific peptidases. , standard error on the fit). The overall inhibition constant (K i ) was determined by activity measurements as described in the 'Materials and methods' section. K i is around 1 nM at 37°C and is temperature dependent (Fig. 5) . The affinity constant (K a ) for inhibitor binding to PREP is defined by the following equation: K a = 1/K i . Assuming that the enthalpy change is constant in the temperature range of the experiment, two basic thermodynamic equations describe the link between temperature and the equilibrium constant: ΔG°= −RT ln K a and ΔG°= ΔH°-TΔS°. Where ΔG°, ΔH°and ΔS°are the standard Gibbs free energy, enthalpy and entropy changes of the reaction, R is the universal gas constant and T is the temperature in Kelvin. For a simple reaction, plotting ln K a (or -ln K i as in Fig. 5 ) versus 1/T gives a straight line with -ΔH°/R in the slope and ΔS°/R in the intercept. This is known as the Van't Hoff plot. The data in Fig. 5 indicate that the binding reaction has a positive entropy change since the affinity decreases with temperature. The following values can be calculated from the slope and intercept of the plot in Fig. 5 : ΔH°= −101 kJ·mol -1 and ΔS°= ·K -1 (data not shown). The ΔH was independent of the type of buffer used indicating that no protons were exchanged (net). One would expect that a proton is taken up when a covalent bond is formed between the nitrile group of KYP-2047 and the active site serine, as observed in the crystal structure (Pdbcode 4AN0, Kaszuba et al., 2012) . The binding kinetics of KYP-2047 to PREP, however, are typical for a reversible inhibitor. Nevertheless, it has been shown that positioning of the nitrile group in the oxy-anion hole significantly contributes to the affinity of this type of serine protease inhibitors (Van Der Veken et al., 2012) .
A physical step in inhibitor binding
Reconciling steady-state kinetics with biophysics
Human and porcine PREP share an identity of 97% and a similarity of 98% (Tarrago et al., 2005) . Therefore, the results described in literature for porcine PREP are considered to be valid also for human and the results presented here seem to confirm this assertion. The physical step in the catalytic cycle is associated with substrate binding. One can envision a conformational change that is triggered by substrate binding, usually described as an induced fit mechanism. On the other hand, the conformational change could also be due to re-equilibration of different free enzyme forms present in solution. If the substrate binds to only one of the forms, this is considered to be conformational sampling. The most compelling evidence for an induced fit mechanism came from the study of bacterial PREPs, where there is some evidence for the existence of an 'open form' for the free enzyme and a 'closed form' for the enzyme-substrate complex (Li et al., 2010) . In the open conformation, the catalytic domain is tilted at a certain angle relative to the axis of the β-propeller domain, exposing the substrate binding sites to the solvent. There are a number of structures of bacterial PREP in an open conformation but all mammalian PREP structures in the Protein Structure Database are in a closed conformation. Noteworthy, all liganded structures were obtained by soaking the crystals in solutions of inhibitors or substrates. This introduced a bias into the literature of computational studies aimed at elucidating the dynamic motions and substrate entry paths of PREP (not further addressed in this paper). One could propose that there is little hard experimental evidence that the closed form is a reaction cycle intermediate at all. Unlike for DPP IV, where there are crystal structures containing the first tetrahedral intermediate of the reaction cycle (ES T1 in equation 1), there are no structures of wild type PREP with reaction intermediates (Aertgeerts et al., 2004; Hiramatsu et al., 2004) . Nevertheless, using 2D NMR, it was evident that binding of active site inhibitors caused changes in chemical shifts of residues not directly in contact with the inhibitor (Kichik et al., 2011) . From NMR studies, it was concluded that PREP exists in solution as a mixture of two forms and that the equilibrium between these forms is shifted by binding of the inhibitors (Lopez et al., 2016a) . A similar conclusion was drawn from Small Angle X-ray Scattering in Solution (SAXS) and Ion Mobility-Mass Spectrometry (IM-MS) (Lopez et al., 2016a,b) . For the latter two methods, it should be mentioned that the difference in parameters (hydrodynamic radius or collisional cross section) is relatively small, and interpretation was dependent upon modeling of an open and a closed form of human PREP. One publication described a PREP structure with an internal cavity obtained by cryo electron microscopy (EM) (Tarrago et al., 2009) . There are numerous instances of artifacts introduced by sample preparation in cryo-EM studies, which might explain why this paper is not often cited. Also in IM-MS one should be aware of artifacts, notably unfolding or collapse of the structures, introduced in the machine during transition in the gas phase and ionization. Altogether the data from NMR, SAXS, IM-MS and EM appear to favor a roughly equal mixture of open and closed forms in solution and conformational sampling by small molecule inhibitors. A number of site-directed mutagenesis studies were done aiming to shed some light on the conformational change observed in the steady-state kinetics. Cross-linking propeller blades, the two domains or access loops, and deletion of an access loop converged into a picture showing that substrate binding and catalysis is accompanied by rather subtle rearrangements of the access loops and perhaps a substantial stabilization of the loop containing the catalytic histidine (Kaszuba et al., 2012; Szeltner et al., 2013) . Several of these mutant forms had altered kinetics, in terms of pH profile and deuterium isotope effect. Moreover, the substrate specificity for small over larger peptides changed, perhaps indicating that small molecules like Z-Gly-Pro-pNA and active site inhibitors may enter the active site in different ways. There may be an indirect proof that an 'open' form is catalytically competent from the case of DPP IV. DPP IV does not show evidence for a conformational change in its kinetics but, contrary to the monomeric PREP, is a dimer with its catalytic domain and β-propeller domain stably locked at a certain angle by inter-subunit interactions (Rasmussen et al., 2003) .
Conclusion
The results reported here confirm that human and porcine PREP have a similar kinetic behavior. Moreover, at least with dipeptide derived chromogenic substrates, the catalytic power and general catalytic profiles of PREP and DPP IV are very similar, so that no large conformational changes need to be invoked to interpret the temperature dependency. This is the first report demonstrating the utility of an isothermal titration calorimeter for measuring enzyme catalyzed hydrolysis of post-proline bonds.
Biophysical methods paint a picture of dynamic conformational diversity of mammalian PREP that is not in contradiction with the steady-state kinetics. However, many issues remain, for example whether there are conformation dependent interactions with PREP's presumed binding partners such as glyceraldehyde-phosphate dehydrogenase, tubulin, GAP-43 and α-synuclein; and, not least, exactly how PREP discriminates between shorter and longer peptide substrates.
